Introduction
In the intelligent or smart materials, the shape memory alloy (SMA) and the shape memory polymer (SMP) are fascinating new functional materials (Funakubo, 1998; Duerig et al., 1990; Otsuka and Wayman, 1998) . In SMAs, the elastic modulus and the yield stress are low and high at temperatures below and above the martensitic transformation temperature, respectively. In SMPs, the elastic modulus and the yield stress are high and low at temperatures below and above the glass transition temperature Tg, respectively. The dependence of mechanical properties on temperature is therefore quite opposite between the SMA and the SMP. If the shape memory composites by combing the SMA and the SMP are developed, the new and higher functions can be used (Sterzl et al, 2003; Kawai, 2006; Manzo and Garcia, 2007; Browne et al., 2009; Tobushi et al., 2006; Tobushi et al., 2009 ). On the other hand, if the new SMAs or SMPs are fabricated by combing the materials with various phase transformation temperatures, the functionally-graded shape memory materials can be developed.
In the SMPs, the SMP foam can be compacted in size markedly by compression and the compacted shape is fixed by cooling. The recovery stress appears in the shape-fixed SMP foam at temperatures in the vicinity of Tg during heating (Tobushi et al., 2003) . The recovery force in the SMP foam element can be applied to the easily portable device to generate the driving force. Recently, the SMPs with various glass transition temperatures Tg are fabricated as the functionally-graded shape memory polymer (FGSMP) (DiOrio et al, 2011) . In the FGSMPs, the multistep recovery force can be used. In the nursing-care robots or actuators in the medical field, both the rigidity for supporting force and the flexibility of the elements coming into contact with body are requested. If the FGSMP is fabricated, the functional care equipment can be developed.
Among the SMPs, the polyurethane SMP (PU-SMP) with sheet, film, foam and other forms has been practically used (Hayashi, 1993; Huang et al., 2012; Tobushi et al., 2013) . In the present paper, the actuation of the FGSMP will be discussed based on the deformation properties of the PU-SMP foam. The FGSMP board will be fabricated by the PU-SMP sheets with various glass transition temperatures and the indentation deformation properties of the board will be
Deformation properties of SMP foam for FGSMP 2.1 Material and apparatus
The material used in the experiment was the PU-SMP foam of the polyether polyol series (Diary MF 5520: produced by SMP Technologies Inc.). The foam was made by chemical forming. The expansion ratio was about 14 and the structure was open cell. The foam was produced as slabstock. The specimen was a column with a height of 20 mm and a diameter of 20 mm. The glass transition temperature Tg was 328 K.
A shape-memory material testing machine was used for the experiment. The testing machine was composed of the loading system and the temperature-controlling system. The temperature of the specimen was measured using a thermocouple with a diameter of 0.1 mm. A Teflon sheet was placed between the specimen and a compression plate, resulting in small shearing resistance on the surface of contact.
Shape fixity and shape recovery
In order to understand the shape fixity and shape recovery of the SMP foam for development of FGSMP, the basic deformation properties of the PU-SMP foam were investigated. The following thermomechanical compression test was performed. The maximum compressive strain m = 78 % was applied at high temperature Th = Tg + 30 K first, path (1) in Fig. 1 . Keeping m constant, it was cooled down to low temperature Tl = Tg -30 K (2). The stress-free state was held for 10 min at Tl. Keeping the stress-free state, it was heated from Tl up to Th (3). The stress-free state was held for 10 min at Th. The thermomechanical loading paths (1) - (3) were repeated to the number of cycles N = 10. The stress-strain curves, stress-temperature curves and strain-temperature curves obtained by the test are shown in Fig. 1 (a) , (b) and (c), respectively.
As can be seen in Fig. 1 (a) , stress plateau appears from a compressive strain of 10% to 60%. In the stress plateau region, buckling of cells proceeds in the axial direction of compression. Because the structure of the SMP foam is open cell, the local deformation appears due to the buckling of weak cells at first and propagates in the stress plateau region (Tobushi et al., 2002) . If the whole material reaches a homogeneous compressive strain of 60%, deformation resistance increases rapidly and the slope of the curve becomes steep. In the cooling process down to low temperature Tl, stress diminishes perfectly and m is maintained as its value, resulting in a shape fixity ratio of 100%. The deformation properties change slightly under cycling. As can be seen in Fig. 1 (b) , stress decreases in the cooling process. Stress decreases due to stress relaxation in the initial part of cooling and due to thermal contraction in the middle part of cooling. Since elastic modulus of SMP becomes very large in the final part of cooling, the rate of variation in thermal stress due to thermal contraction increases and therefore stress decreases markedly. As can be seen in Fig. 1 (c) , m does not change in the initial part of heating (3) since the micro-Brownian motion of soft segments of SMP is frozen at temperatures below Tg. In the glass transition region in the vicinity of Tg during heating, the micro-Brownian motion of soft segments is activated and strain is recovered markedly. The residual strain at high temperature Th is small, resulting in a shape recovery ratio of 99%. Variation in the thermomechanical deformation properties by repetition is slight (Tobushi et al., 2003) .
Recovery stress
In order to understand the basic properties of recovery stress in SMP, the shape recovery actuation of the PU-SMP foam in compression is shown in Fig. 2 . The corresponding stress-strain curves and stress-temperature curves of the PU-SMP foam with Tg = 328 K obtained by the thermomechanical compression test under various strain rates d/dt are shown in Fig. 3 . In the process (1), the SMP foam is compressed at temperature Th above the glass transition temperature Tg. The lower the strain rate, the larger the maximum compressive strain is. In the case of low strain rate, the foam becomes dense under slow compression for a long time in the loading process (1), resulting in large compressive strain. In the cooling process down to temperature Tl below Tg (2), the deformed shape is held constant. The thermal contraction occurs and the compressive stress therefore decreases during cooling. The deformed shape is held under the stress-free Takeda, Matsui, Tobushi and Hayashi, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej. condition at Tl. The shape fixity ratio is high at Tl. If the deformed foam is heated up to temperature above Tg under the stress-free condition (3), the original shape is recovered. The shape recovery therefore appears during heating under the stress-free condition. If the foam is heated up to temperature above Tg by keeping the deformed shape (4), recovery stress increases during heating. The recovery stress is about 80% of the applied stress. The recovery stress can be used as the driving force in the SMP actuator. Since large change in volume can be obtained for the SMP foam elements, the recovery stress in the compacted elements can be applied to the easily portable energy sources to obtain the driving force. In the case of the SMP sheet and film in tension, the recovery stress obtained by holding the residual strain constant during heating is about 50% of the applied stress. In the case of SMP sheet and film in tension, the recovery stress also appears due to the deformation resistance to thermal contraction during cooling under the constant maximum strain and is about twice as large as the applied stress (Tobushi et al., 1997) . These properties can be used in the application of FGSMP which will be discussed in the following section.
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Functionally-graded SMP 3.1 Actuation of functionally-graded SMP foam
As an example of the deformation properties of the FGSMP foam, the shape recovery and recovery stress in the FGSMP foam laminated with the elements having four glass transition temperatures Tg 1, Tg 2, Tg 3 and Tg 4 are shown in Fig. 4 . In Fig. 4 , they are assumed as Tg 1 < Tg 2 < Tg 3 < Tg 4. The element having low Tg is arranged on the upper side. The SMP foam having low Tg is easily deformed. In the FGSMP foam, the element having lower Tg is highly deformed Takeda, Matsui, Tobushi and Hayashi, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej. in compression (1). The deformed shape is fixed during cooling (2). If the shape-fixed foam is heated, four-stepwise shape recovery motion (3) or four-stepwise recovery force (4) can be obtained during heating. Since the SMP foam element having lower Tg is easily deformed, the shape recovery or recovery force appears at lower temperature during heating. The multistep shape recovery motion can therefore be obtained by using the FGSMP foam having various glass transition temperatures during heating. We note that the deformation properties of the FGSMP foam in compression depend not only on Tg of each element but also on expansion ratio, cell structure and thickness of the foam (Gibson, L.J. and Ashby, M.F. 1999). 
Deformation properties of functionally-graded SMP board 3.2.1 Material and apparatus
The material used in the experiment was the PU-SMP sheet and foam produced by SMP Technologies Inc. The glass transition temperature of the sheet was 308, 328 and 338 K, and that of the foam was 298 K. The specimen was a square with a side length of 30 mm. The thickness of the sheet was 2 mm. The thickness of the foam was 2 and 5 mm.
The testing machine used was the same as mentioned in the section 2.1. In the indentation test, the indenter was used with a diameter of 10 mm. In the compression test, the compression plate was used with a diameter of 50 mm. The ambient temperature was measured using a thermocouple with a diameter of 0.1 mm.
Functionally-graded SMP board made of sheet
In the SMP sheet, there is a significant difference in the elastic modulus below and above the glass transition temperature (Tobushi et al., 1996) . If these SMP sheets having different glass transition temperatures are laminated, we can obtain the similar deformation property as the human body composed of skin and born. The PU-SMP sheets were therefore used to fabricate the FGSMP board applied to the nursing-care robots. The PU-SMP sheets were produced by SMP Technologies Inc. The PU-SMP sheets having different glass transition temperatures Tg (Tg :Low and Tg :High) were laminated and the FGSMP board was fabricated. Thickness of two PU-SMP sheets with Tg :Low and Tg :High was 2 mm. The structure of the FGSMP board are shown in Fig. 5 . The PU-SMP sheet with low Tg was arranged on the upside and that with high Tg down. The adhesive used to laminate the sheets was DMF produced by SMP Technologies Inc. The Tg :Low of the laminated SMP sheet was 308 K and 328 K. The Tg :High of the laminated SMP sheet was 338 K. We therefore fabricated two kinds of FGSMP board with difference in Tg of sheets ΔTg = 10 K and ΔTg = 30 K. The indentation test was carried out for the fabricated FGSMP board. The curvature radius of the tip in an indenter was 5 mm. The indentation rate was 0.05 mm/s. The relationships between force and indentation displacement of the FGMSP boards with ΔTg = 10 K and ambient temperature T = Tg :Low, with ΔTg = 30 K and ambient temperature T = Tg :Low and with ΔTg = 30 K and ambient temperature T = Tg :Low + 20 K obtained by the indentation test are shown in Fig. 6 (a), (b) and (c), respectively. The maximum forces were 10 N, 20 N and 30 N, and the indentation for each maximum force was repeated five times. As can be seen, the deformation properties change slightly under cycling for every maximum force in each FGSMP board. Comparing Fig. 6 (a) and (b) , the smaller the ΔTg, the larger the indentation displacement is. It is also confirmed that, comparing Fig. 6 (b) and (c), the higher the ambient temperature T, the larger the indentation displacement is.
Takeda, Matsui, Tobushi and Hayashi, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00157] The PU-SMP foam and sheet having various glass transition temperatures Tg were laminated and the FGSMP board (1) was fabricated. The photograph and structure of the FGSMP board (1) are shown in Fig. 7 . Two SMP foams with a thickness of 5 mm and Tg = 298 K and two SMP sheets with a thickness of 2 mm and Tg = 308 K and 328K were laminated. At first, we conducted the indentation test for the finger of the left hand of a young man. The indentation points in the indentation test was the thumb and middle finger. The relationships between force and indentation Takeda, Matsui, Tobushi and Hayashi, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00157] Figs. 8 and 9 , respectively. In the indentation test of the thumb and middle finger, the indentation rate was 0.05 mm/s. The diameter of the indenter was 10 mm. The ambient temperature was 298 K in air. Next, the indentation test was carried out for the FGSMP board (1). The relationships between force and indentation displacement obtained by the test for a maximum force of 5 N in five cycles are shown in Fig.8 . In Fig.  8 , the result for the thumb is also shown. As can be seen, with respect to the thumb, force increases slightly till a depth of 3 mm and the slope of the curve becomes gradually steep thereafter during loading. Force decreases in the unloading process accompanying a large hysteresis loop of the force-indentation displacement curve in the loading and unloading processes. The deformation properties change slightly during cycling for the FGSMP board (1). The indentation curve of the FGSMP board (1) is similar to that of the thumb.
The FGSMP board (2) with different kinds of SMP sheet and foam was fabricated. In the FGSMP board (2), the thicknesses of the upside and inner SMP foams were 5 mm and 2 mm, respectively. Tg of the bottom SMP sheet was 338 K. The FGSMP board (2), composed of the thinner inner foam and the bottom sheet with higher Tg, corresponds to higher deformation resistance. The relationship between force and indentation displacement obtained by the indentation test for a maximum force of 5 N is shown in Fig. 9 . In Fig. 9 , the result of the middle finger is also shown. The indentation curve of the FGSMP board (2) is close to that of the middle finger. The maximum indentation displacement of both the FGSMP board (2) and the middle finger is about 6 mm, which is smaller than that of about 8 mm for the FGSMP board (1) and thumb observed in Fig. 8 .
The deformation properties of the body differ depending on the region. The FGSMP board corresponding to each region of the body can be developed by the combination of the PU-SMP sheet and foam with appropriate thickness, glass transition temperature and their arrangement. If the SMP element has lower Tg in the FGSMP, the deformation is large. If the SMP sheet is thick in the FGSMP board, the stiffness becomes high in the layer of the SMP sheet. The FGSMP board can therefore be applied to the elements coming into contact with body in the nursing-care robots or actuators. Takeda, Matsui, Tobushi and Hayashi, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00157] 
Conclusions
The multistep actuation of the FGSMP and the indentation deformation properties of the FGSMP boards made of PU-SMP sheet and foam with various thicknesses and glass transition temperatures were investigated. The results obtained are summarized as follows.
1. Based on the shape recovery and recovery stress, the temperature-dependent multistep actuation can be obtained by the FGSMP actuators made of SMP elements with various glass transition temperatures. 2. With respect to the deformation properties of the FGSMP boards made of SMP sheet, the smaller the difference in glass transition temperature of sheets, the larger the indentation displacement is. The higher the ambient temperature, the larger the indentation displacement is. 3. The indentation characteristics of the FGSMP boards are similar to those of the finger in the FGSMP boards made of sheet and foam. 4. The FGSMP boards made of sheet and foam can be applied to the elements coming into contact with body in the nursing-care robots or actuators.
